I. INTRODUCTION

S
ILICON heterojunction (SHJ) solar cells consist of different thin material layers deposited on both sides of a crystalline silicon (c-Si) bulk absorber. These layers have the function of extracting the photogenerated carriers and injecting them into an external load without detrimentally impeding the light absorption in the absorber. These different layers typically consist of hydrogenated amorphous silicon (a-Si:H), transparent conductive oxide (TCO), and metal, which together have to ensure the electrical roles of passivation, carrier selectivity, and electrodes. In a recently revisited framework, layer stacks The authors are with the PV-Center, Centre Suisse d'Électronique et de Microtechnique, Neuchâtel CH-2002, Switzerland (e-mail: laurie-lou.senaud@ csem.ch; gabriel.christmann@csem.ch; antoine.descoeudres@csem.ch; jonas. geissbuehler@csem.ch; loris.barraud@indeotec.com; nicolas.badel@csem.ch; christophe.allebe@csem.ch; sylvain.nicolay@csem.ch; matthieu.despeisse@ csem.ch; bertrand.paviet-salomon@csem.ch; christophe.ballif@csem.ch).
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Digital Object Identifier 10.1109/JPHOTOV.2019.2926860 fulfilling these requirements have been described as selective membranes [1] or skins [2] - [4] . Similarly to these terminologies, the term shell will be used throughout this paper to refer to the whole a-Si:H/TCO/metal stack. The excellent full area passivation level of SHJ shells, coupled with high c-Si bulk quality, enables open-circuit voltage (V OC ) values of up to 750 mV [5] . Despite these high V OC values, efficiency is still limited by the optical losses because of the parasitic absorption of light from the front and the rear shells [6] , [7] . In particular, in the rear shell of monofacial SHJ solar cells, the TCO and the metal reflector, if not properly optimized, are the origin of significant losses in the infrared (IR) part of the spectrum. These losses come from plasmonic absorption at the TCO/metal interface and from freecarrier absorption (FCA) in the TCO [6] , [8] . Reducing these IR parasitic absorption losses constitutes an important challenge in the quest to improve the device short-circuit current density (J SC ) and, therefore, the SHJ device efficiency (Eff). Plasmonic absorption is mainly induced by the parallel-polarized light of evanescent waves impinging on the metal surface which excites surface plasmons [8] . In addition, this absorption has been demonstrated to depend on the metal type and on its surface roughness [9] . FCA, in contrast, is induced by the free carriers contained inside the TCO, which mainly absorb light in the IR part of the solar spectrum. According to the Drude model, the FCA is directly proportional to the carrier density and inversely proportional to the optical mobility of the material [10] . Both parameters depend on oxygen vacancies in TCO [11] , which can be modified by varying the oxygen partial pressure during TCO deposition [12] . An increase in free carrier density induces a shift of the IR absorption edge to shorter wavelengths, thus narrowing the transmission window. This shift is determined by the plasma oscillation of the free carriers, which screen, for IR energy, the incident electromagnetic wave via intraband transitions within the conduction band. This involves a sharp reduction of the optical transmission near the plasma resonance frequency. Thus, any attempt to decrease the resistivity of the TCO by increasing the carrier density will increase the IR light absorption. As the main part of the solar spectrum reaching the rear side of the SHJ solar cell actually consists of IR light, back reflectors may suffer then from both of the above-mentioned absorption mechanisms.
To reduce the plasmonic rear absorption, a moderately absorbing 150 to 200-nm-thick TCO layer is usually deposited on the back of SHJ solar cells [13] , [14] . This thick layer reduces the amount of evanescent waves reaching the metal by increasing the internal reflectance at the rear surface, which yields to an increase of the IR spectral response of the cell [6] . Such a structure with a thick back TCO efficiently reduces the plasmonic absorption in the metal. However, as the TCO layer becomes thicker, the FCA losses will become increasingly important (for given material properties). Therefore, care must be taken not to negate the optical gains provided by the reduction of the plasmonic absorption losses with an increase in FCA when thickening the TCO layer. To get around this tradeoff, one alternative option is to partly replace the rear TCO with a transparent dielectric layer such as magnesium fluoride [7] . Even if this approach convincingly demonstrated reduced optical losses with limited detrimental impact on fill factor (FF) and V OC [7] , [15] , it did not yet demonstrate a better IR response than a well-optimized full TCO rear reflector-such as the one presented in this paper-and requires additional processing steps. In addition, as the rear TCO layer has to efficiently ensure the electrical contact between the rear a-Si:H and metal layers, several constraints on the electrical properties of the former are present. Therefore, the degrees of freedom available to tune it are reduced. Furthermore, the TCO properties, and particularly its Fermi level position at the a-Si:H interface (or, as often used equivalently, its workfunction) are known to strongly affect the SHJ cell selectivity and transport losses. In the case of an electron-collecting shell, a low workfunction TCO-and, hence, a high carrier concentration-is required to obtain a favorable band alignment enabling high FF [16] , [17] . There is, therefore, a tradeoff between the optical and the electrical properties of the SHJ rear shell; all its components need to be considered together to improve the final performances of the device.
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Along these lines, this contribution aims at improving the back IR reflector of monofacial SHJ solar cells by mitigating its optical losses without compromising the transport properties of the device, i.e., its V OC and FF, using an indium-free TCO. In SHJ solar cells, aluminum-doped zinc oxide (AZO) has already demonstrated promising performance. As a back TCO in the rear electron-collecting shell, AZO has demonstrated Eff of up to 22.9% with high electrical contact performances [18] . In addition, using AZO in front electron-collecting shells, devices with Eff up to 23% were demonstrated along with a J SC gain of 0.5 mA/cm 2 compared with a reference cell featuring an indium tin oxide (ITO) layer [19] . In this paper, AZO is further optimized as an indium-free alternative material to the standard back ITO. Similarly to what was done in [6] for ITO, the thickness of the rear AZO layer and the oxygen (O 2 ) content in the deposition gas flow are varied to find the optimal combination leading to the highest J SC . The related impacts on the device selectivity and the transport losses are also investigated. As a result of these optimizations, J SC of up to 40.81 mA/cm 2 is obtained without detrimental effects on the V OC and the FF, leading to Eff of up to 23.96% for two side-contacted SHJ devices with front screen-printed contacts.
II. EXPERIMENTAL DETAILS
SHJ solar cells with front hole-collecting shells were fabricated on 4 in, 3 Ω·cm, n-type float zone c-Si wafers. Fig. 1 shows a schematic description of the SHJ solar cell architecture under investigation. The wafers were textured on both sides in an alkaline solution to create random pyramids, resulting in a final wafer thickness of 240 µm which was then wet chemically cleaned. The native silicon oxide was removed in a diluted hydrofluoric solution. Thin blanket intrinsic a-Si:H films [a-Si:H(i)] were then deposited on both sides of the wafers by plasma-enhanced chemical vapor deposition (PECVD) for chemical passivation. Then, thin blanket p-and n-type a-Si:H films (a-Si:H(p) and a-Si:H(n), respectively) were immediately deposited in the same deposition system to create the hole and the electron selective contacts at the front and at the rear side, respectively. More details on our a-Si:H stacks can be found elsewhere [20] , [21] . The thicknesses of the a-Si:H layers, measured on planar glass substrates by spectroscopic ellipsometry, are typically ∼10 nm. The implied-V OC (iV OC ) measured by the photoconductance decay method in transient mode [22] was around 730 mV for all the samples of this study. An ITO layer was then deposited at the front side of the wafers using dc magnetron sputtering with an In 2 O 3 :SnO 2 target. A metallic shadow mask was used during the front ITO deposition to define five 4 cm 2 solar cells per wafer. The front ITO thickness measured on planar bare glass substrates was 110 nm corresponding to an optimized antireflective coating. At the back side of the devices, AZO was deposited by RF magnetron sputtering with an Evatec Clusterline tool using different O 2 contents in the deposition gas flow and deposition times, leading to different carrier concentrations and layer thicknesses, as listed in Table  I . The AZO layer thickness was assessed by a stylus profilometer on bare planar glass witness samples. The carrier density, the electrical mobility, and the resistivity were measured by Hall effect measurement in the Van der Pauw configuration [23] on planar glass samples with a-Si:H(i)/a-Si:H(n) predeposited layers. Finally, a 200-nm-thick silver rear blanket layer was sputtered over the whole back AZO layer and a silver front grid was screenprinted on the front ITO of each cell. After this step, wafers were annealed at 210°C for 30 min to cure the low-temperature printed silver paste. It is important to note that, thanks to our large-area PECVD and physical vapor deposition (PVD) tools, within a single experiment, all wafers were codeposited with identical a-Si:H, front ITO and rear blanket silver layers. Therefore, only the screen-printing and each specific AZO deposition were performed individually for each wafer. About 1-Sun current-voltage (I-V) measurements were performed on each completed cell under Air Mass 1.5G equivalent illumination at 25°C using a Wacom class AAA light simulator. From these I-V curves, the cell parameters J SC , V OC , FF, and Eff were extracted. The series resistance R S values of each cell were calculated with the method presented in [24] using the 1-Sun I-V curve and a shaded I-V curve with an illumination corresponding to about 10% of 1 Sun. In addition, the pseudofill factor (pFF) was determined from pseudo-I-V curves built from I-V curves measured at different illumination levels [25] . Finally, external quantum efficiency (EQE) and reflectance (R) curves were measured directly on the cells with a photovoltaic (PV)-Tools Loana setup.
III. RESULTS AND DISCUSSION
A. Light Management
The J SC of solar cells with different oxygen content in the AZO deposition gas flow and a fixed thickness of 160 nm are depicted in Fig. 2 . First, it is observed that the J SC strongly increases with the oxygen content. Namely, increasing the O 2 content in the deposition gas flow from 0.07% to 0.15% increases the J SC by 0.56 mA/cm 2 . Consistently, the corresponding EQE curves (see Fig. 4 ) are higher in the 1000-1200 nm spectral range for higher oxygen contents. Similarly to what was observed in [6] for the case of ITO, the reflectivity value at 1200 nm (see also Fig. 4 ) increases for higher oxygen contents (lower carrier concentrations). Overall, it is thus observed that the increase in oxygen content reduces the parasitic absorption in the AZO layer, as evidenced by the decrease in the 1-R-EQE curves (see Fig. 4 ). Hence, decreasing the AZO carrier concentration consistently reduces the FCA losses, resulting in an improved IR back reflector (higher escape light) allowing higher J SC .
The J SC of cells with different AZO thicknesses and a constant O 2 content of 0.15% are depicted in Fig. 3 . A J SC gain of 0.23 mA/cm 2 is obtained when replacing the 65-nm-thick AZO layer by a 380-nm-thick one. Compared with the oxygen series, this means that an additional 0.11 mA/cm 2 gain with respect to the 160 nm and 0.15% AZO layer could be obtained. Consistently, the EQE, 1-R (total absorption), and 1-R-EQE (parasitic Fig. 5 . J SC as a function of D, the total number of carriers per unit area, for different AZO layers. Each data point is the J SC value averaged over five devices. The oxygen content variation is represented by the blue data points and the thickness variation by the red data points. Two arrows highlight the J SC gain which owes to the FCA decrease (blue dashed arrow) and to the plasmonic absorption decrease (red dashed arrow). absorption) curves in Fig. 4 show the lowest IR parasitic absorption losses in the 1000-1200 nm range for the device with a 380-nm-thick rear AZO layer. As a first conclusion, we can hence state that this additional J SC gain comes from a reduction of the plasmonic absorption as the thickness increases, since fewer evanescent waves reach the blanket silver layer.
However, the measurements given in Table I reveal that, for a given oxygen content, the carrier concentrations of the investigated AZO layers decrease when their thickness increases (see layers #4 to #7 in Table I ). This may be because of a higher defect density in the vicinity of the substrate interface induced by the nucleation layer of the TCO. Such defects, such as oxygen vacancies, can act as donor levels, hence, increasing the carrier concentration. Such a dependence of the carrier concentration to the thickness has already been observed in [6] for the case of ITO layers, and further material analysis are proposed in [26] . Therefore, the carrier concentration within the AZO layer and its thickness cannot be considered as two independent parameters. To be free of this bias, it is more accurate to investigate the J SC as a function of D, the total number of carriers per unit area, hereafter simply calculated as the carrier concentration multiplied by the layer thickness D = N · w. This quantity is directly related to FCA as the larger the carrier concentration or the thickness (i.e., the larger D), the larger the FCA. Note that the optical mobility is expected to be affected by the carrier concentration through impurity scattering. Higher carrier concentrations will lead to lower optical motilities. However, the change will be of a much smaller magnitude compared with the carrier concentration variation in the investigated range of this paper. We expect about 20% change of optical mobility for an order of magnitude change in carrier concentration [27] . Both effects will affect the FCA in the same direction; however, the dominant effect will be carrier concentration. The data of Figs. 2 and 3, as well as several additional data for the oxygen content series, are plotted in Fig. 5 as a function of D. With such a representation, it is possible to calculate and decouple the J SC gain owing to the FCA reduction and the one owing to the plasmonic absorption reduction. The blue data points in Fig. 5 represent the J SC variation for a fixed AZO thickness of about 160 nm but a change of carrier concentration from 2.6 × 10 19 to 2.0 × 10 20 cm −3 . Here, the J SC steadily increases when D decreases. This is clearly related to the FCA reduction associated with the carrier concentration decrease. In contrast, the red data points represent the thickness series from 65 to 380 nm (see layers #4 to #7 in Table I ). For these layers, a J SC gain of 0.25 mA/cm 2 is observed for similar values of D, i.e., for the same amount of FCA losses. Hence, this gain is the result of the plasmonic absorption reduction. Overall, reduction in the plasmonic absorption losses obtained with thicker AZO layers is larger than the additional FCA losses implied by thicker AZO layer, eventually leading to a J SC increase.
Note that, as commonly observed for TCOs, the refractive index of AZO in the IR spectral range is correlated to its carrier concentration: the lower the carrier concentration, the higher the refractive index. Hence, the Fresnel coefficients at the c-Si/TCO and the TCO/metal interfaces will change with the TCO carrier concentration. The consequences for FCA and plasmonic absorption losses have been thoroughly investigated in [6] in the case of ITO, and it was shown that for most of the incident angles, absorption losses decrease when the TCO carrier concentration decreases. Therefore, potential IR reflection gains from lower TCO refractive index never offset FCA losses and the IR EQE always benefits from a reduction of the TCO carrier concentration, as we observe for AZO here.
B. Transport Losses
As mentioned above in Section I, the J SC improvement must not jeopardize the electrical properties of the final solar cells. In this part of the paper, the pFF, FF, V OC, and R S values of our cells are investigated. Fig. 6 plots the pFF, FF, and V OC of the thickness series (see layers #4 to #7 in Table I ). First, it is observed that the pFF and FF values are not directly affected by the rear AZO thickness in the investigated range, even if they present some fluctuations. No monotonic variation of the FF as a function of the thickness is observed. Instead, the FF values fluctuate by about ±0.7% abs around a mean value of 79.5%. The FF values follow the same fluctuation trends as the pFF ones, which means that the R S is not actually affected in the investigated range of thickness. We hypothesize that this scattering is the consequence of the wafer-to-wafer variability within a single batch of devices rather than a sign of impeded carrier transport. The V OC values presented in Fig. 6 follow the same variations as FF ones with fluctuations of about ±3 mV around a mean value of 727 mV. We assume again that this scattering is because of the consequence of the wafer-to-wafer variability within a single batch of devices rather than the sign of a direct change in the passivation or selectivity of the devices. Consequently, the J SC gain seen in Fig. 3 eventually drives the efficiency increase, leading up to 0.22% abs Eff gain when replacing the 65-nm-thick AZO layer by a 380-nm-thick one.
Regarding the oxygen content variation, several runs were performed to study and validate the behavior of FF and V OC Table I ). The O 2 content in the AZO deposition gas flow is 0.15% for all devices. The black dash represents the average value over 2-5 cells represented by the data points.
over the AZO oxygen content range under investigation for a thickness of about 160 nm. Fig. 7 depicts the pFF, FF, V OC , and R S values over 0.07%-0.15% of O 2 range, corresponding to a carrier concentration variation from 4.1 × 10 19 to 2.0 × 10 20 cm −3 . First, it is observed that FF values present fluctuations with a standard deviation between 0.5% abs and 0.9% abs which lies within the typical dispersion of our process and material. The median values for the extremes O 2 contents (0.07% and 0.15%) are close to each other, just below 80%. However, a slight FF optimum seems to exist for 0.10% O 2 content, resulting in a higher median FF value of 80.8%. This optimum owes to the pFF and R S behaviors. Indeed, the median pFF for the 0.07% O 2 content is 82.5%, increases to 83.8% for the 0.10% O 2 content, then stabilizes at 83.6% for 0.15% O 2 content. Likewise, the V OC values exhibit a similar behavior, going from a median value of 725 mV for the 0.07% O 2 content up to 726 mV for both the 0.10% and 0.15% O 2 contents. Such observations suggest a better c-Si passivation which may owe to a change of field effect passivation provided by variations in the AZO layer properties. However, the precise physical phenomena explaining this behavior remain unclear. Second, the R S values present similar median values for the 0.07% and 0.10% O 2 contents, namely 0.74 and 0.69 Ω·cm 2 , respectively, but a higher value of 0.83 Ω·cm 2 for the 0.15% O 2 content. Consequently, the combined high pFF and low R S values of the 0.10% O 2 content lead to the observed FF optimum. The two other O 2 contents present either a low pFF with a low R S value (0.07% O 2 content) or a high pFF with a high Rs value (0.15% O 2 content), explaining their lower FF values. Overall, as the electrical properties are only marginally impacted in the oxygen range investigated here, the J SC gain seen in Fig. 2 eventually drives the efficiency increase, leading Eff up to 0.54% abs gain when replacing the 0.07% O 2 content AZO layer by a 0.15% O 2 content one.
The observed changes in passivation and R S with the changes of oxygen content in the investigated AZO layers can be because of several phenomena: 1) a modification of the TCO bulk resistivity or 2) a modification of the AZO properties, such as its workfunction or a change in its structural material properties affecting the band alignment within the whole electron-collecting shell. This can affect both the contact resistance of the rear shell as well as its passivation properties. Regarding 1), as the devices under investigation are in monofacial configuration, the rear TCO bulk resistivity change will only affect the vertical transport and, thus, has a negligible effect on R S . The additional R S induced by the rear TCO bulk resistivity change were calculated to be well below 1 µΩ·cm 2 . Considering that a 1 Ω·cm 2 R S induces a FF loss of ∼5% abs [25] , such low equivalent R S values obviously have an insignificant impact on the actual FF variation of the devices. Regarding 2), it is known from the literature that the properties of the thin silicon layers, the TCO and their coupling define the global transport mechanisms inside the whole shell [28] , [29] . More specifically, for an electron-collecting shell, recent simulations show that a higher carrier concentration of the TCO-therefore, a lower workfunction-is beneficial to the carrier transport, as it promotes several transport mechanisms, such as thermionic emission, direct tunneling, and trap-assisted tunneling [30] . Therefore, lowly doped AZO should be detrimental to carrier transport which is not observed in our results presented in Fig. 7 . For these reasons, further investigation is required to verify our observations and hypotheses. More precisely, the investigation of the AZO properties, and particularly how its carrier concentration affects the band structure of the whole electron-collecting shell, is necessary to prove if the hypothesis 2) is the origin of the FF optimum. This requires to investigate how the transport losses, encompassing passivation, and series resistance (including selectivity) are modified as the AZO layers are optimized. This is out of the scope of this paper and will be the topic of a future publication.
C. Outlook
In the course of our investigations, the 160-nm-thick AZO layer with 0.10% O 2 content was integrated in the rear reflector of 4-cm 2 monofacial solar cells (wafer thickness of 240 µm) with front hole-collecting shell and about 3.25% optical shadowing. This led to a champion device featuring an Eff of 23.96% (see Fig. 8 ). Note that this champion devices features improved thin silicon and TCO layers compared with the ones used for our optimization study presented above. A J SC of 40.81 mA/cm 2 was obtained, without compromising the V OC and the FF, which present good values of 726 mV and 80.87%, respectively. This full AZO rear reflector features a gain of 0.3 mA/cm 2 in J SC compared with our baseline back ITO reported in [21] . AZO thus demonstrates a clear potential to act as a high quality indium-free back TCO in rear electron-collecting shells to reach almost 24% efficiency. As presented in Sections III-A and III-B, even higher solar cells performances are within reach as the rear AZO layer can be further optimized through its thickness (see in Figs. 3 and 6 the 380-nm-thick AZO layer) as well as through a more careful refining of its oxygen content. Moreover, the outcomes of our study remain valid in the case of bifacial solar cells, which are the current trend for SHJ solar cells mass production. Indeed, in such devices, the full rear silver blanket layer is replaced by a dense screen-printed silver grid: FCA and plasmonic absorption are, therefore, still present-yet with different proportions compared with monofacial solar cells-and our parasitic absorption mitigation approach can be equally applied.
In a more global perspective, each TCO (ITO and AZO being two prominent examples) can in principle be optimized to meet the required tradeoff between FCA and plasmonic absorption losses mitigation to achieve higher J SC . However, as presented in Section I, because of the existing tradeoff between the electrical and the optical properties of the shells, the electrical performances of these TCO must be well controlled alongside their optical ones in order to convert the J SC gain into higher solar cell efficiency. Eventually, the best TCO will then be the one, which, once integrated in the shell, allows the highest light collection (highest J SC ), while keeping the highest electrical performances (i.e., high V OC and FF). For these reasons, to go further in the understanding of impact of the TCO properties (when optimizing the light collection) on the global transport losses of back electron-collecting shells, measurements of the layers characteristics related to selectivity and passivation are ongoing and will be the subject of another paper. More precisely, the TCO carrier concentration and thickness, the crystallinity, thickness, and activation energy of the thin silicon layers (amorphous or microcrystalline) used in the shells as well as their contact resistance to the TCO are expected to play a major role [16] , [17] . This study will eventually define the best TCO candidate for back electron-collecting shells.
IV. CONCLUSION
In this contribution, the flexibility of the rear AZO layer to be tuned over a wide range of oxygen contents and thicknesses to improve the IR-response of 4 cm 2 monofacial solar cells with front hole-collecting shells has been demonstrated. The rear AZO layer can be optimized to behave as an optical layer which minimizes free-carrier and plasmonic absorptions in addition to its primary role as electrical contact layer inside the rear electroncollecting shell. Overall, looking at the extreme conditions for thickness and oxygen series, it is demonstrated that the electrical properties are not jeopardized by the increase in thickness as well as by the decrease in the carrier concentration over the investigated ranges. Based on our experiments, the electrical properties are even slightly improved for some specific layer conditions. The J SC improvement due to the important FCA and plasmonic absorption decrease combined with the good electrical properties of the rear electron-collecting shell eventually leads to an efficiency up to 23.96%. Finally, considering the concerns regarding the indium availability in the case of a large scale deployment of the SHJ technology, AZO is an interesting and promising candidate to replace ITO at a potentially lower cost [31] . 
